Generating statistically representative conformational ensembles remains a major challenge in atomistic simulation of biomolecules 1 . This is not only due to the large and complex conformational space, but also because of significant energy barriers that frequently separate different subspaces. Temperature replica exchange (T-RE) [2] [3] [4] is now widely accepted as a relatively straightforward yet powerful technique for enhanced sampling. Multiple replicas of the system are simulated independently at different temperatures, and periodically attempt to exchange simulation temperatures according to a Metropolis criterion that preserves the detailed balance. The resulting random walk in the temperature space helps each replica to escape local energy minima and thus facilitate conformational sampling. Extensive theoretical and simulation studies have confirmed that T-RE enhances sampling compared to constant temperature simulations as long as the activation enthalpies of conformational transitions are positive [5] [6] [7] [8] [9] . Nonetheless, the efficiency of T-RE can be severely limited by the presence of sharp cooperative conformational transitions such as protein folding 10, 11 . Importantly, this limitation cannot be overcome by various T-RE variants designed to accelerate either exchanges or diffusion in temperature space 12 .
In practice, virtually all T-RE protein simulations involve exchange attempt frequencies (~ps -1 ) that are several orders of magnitude faster than the slowest protein motions (folding; μs -1 or slower 13 ). As such, the efficiency of T-RE sampling of large-scale conformational transitions is rarely limited by diffusion in temperature space, but mainly by the inherent rates of spontaneous processes.
Fundamentally, the limited efficiency of T-RE in sampling cooperative transitions such as protein folding can be attributed to large entropic components in the free energy barriers 14, 15 . The folding rate only depends weakly on temperature and often displays anti-Arrhenius behaviors 5, 16 , such that tempering is ineffective in driving transitions. Instead, coarse-grained (CG) models 17 are often utilized to significantly reduce the conformational space and allow faster reversible transitions; but this is achieved at the expense of reduced detail and accuracy. An ideal approach could involve CG modeling to overcome major entropic barriers and at the same time seamlessly propagates the transitions to atomistic simulations for detailed sampling of different conformational subspaces. A key requirement is that one must be able to recover canonical ensembles at the atomistic level. The promise of such multi-scale enhanced sampling (MSES) has been well recognized, and several clever ideas have been proposed towards this goal [18] [19] [20] [21] [22] [23] . The resolution exchange approach is particularly interesting 19 . It involves independent simulations of the system at two or more resolutions and attempts to directly swap shared coordinates of low-and high-resolution models 25 . This approach is based on to the minimal frustration theory of protein folding 26 , which argues that native interactions dictate the protein free energy landscape and that stabilization due to non-native contacts ("frustration") should be minimal. Accordingly, the true protein energy landscape can be approximated by effective energy functions that only include native interactions.
These effective energy functions, commonly referred to as Gō or Gō-like models, are highly efficient, and yet powerful enough to generate realistic reversible folding pathways. As such, they should be ideally suitable for driving conformational sampling on atomistic protein energy landscapes. Here, we describe an MSES approach that utilizes the efficient sequence-flavored Gō-like model 27 to accelerate the sampling of atomistic protein conformational equilibria, and demonstrate its efficiency using a series of small but nontrivial β-hairpins with varied stabilities. 
where U AT and U CG are the atomistic and CG potential functions, respectively. Only the coupling potential U MSES depends on both atomistic (r AT ) and CG (r CG ) coordinates. Given a proper coupling potential, the atomistic and CG copies can be restrained to track one and another when the overall coupling scaling factor λ = 1. Hamiltonian RE can be performed to communicate coupled conformational dynamics to the limit of λ = 0, where the CG and atomistic copies are fully independent and proper canonical ensembles are generated simultaneously at both resolutions. Our Replicas periodically attempt to exchange simulation conditions according to
where
is the Boltzmann constant). When the same temperature is
used for all replicas, the exchange probability is determined by the coupling term only, allowing excellent scalability to large systems 20 .
Coupling the CG and atomistic models using restraint potentials is a significant advantage compared to direct coordinate swapping in resolution exchange. It allows one to control the impacts of large divergences between CG and atomistic configurations on the total energy, which dramatically improves exchange efficiency and provides superior scalability to large systems.
Motivated by the notion that native contacts dictate protein folding transitions 26 , the CG and atomistic copies are coupled by penalty functions that depend on the differences in Cα-Cα distances of residues involved in all native contacts:
where n and are the Cα-Cα distances of the ith native contact in atomistic and CG copies, respectively. The force constant, k i , can be different for various subsets of native contacts, for example, to emphasize the relative importance of tertiary contacts vs. local secondary ones. For large proteins with hundreds of native contacts, the simple harmonic potential of Eqn. 3 can lead to large penalty energies and result in severe exchange bottlenecks, particularly between the uncoupled (λ 1 = 0) and coupled (λ > 0) conditions. For this, a restraint potential with a soft asymptote is used at large ,
In Eqn. The MSES method has been implemented in CHARMM 29 and MMTSB 30 . Its efficacy is examined here using a series of β-hairpins derived from the protein G B1 domain, including GB1p
(GEWTYD DATK TFTVTE), GB1m1 (GEWTYD DATK TATVTE), and, GB1m3 (KKWTYN PATG KFTVQE) (loop regions underlined and key mutations highlighted in bold fonts). The wildtype GB1p is ~42% folded at 278K based on NMR chemical shift analysis 31 . The Phe to Ala mutation in GB1m1 reduces the hairpin stability to ~6% folded, and the more rigid prolinecontaining loop increases the stability of GB1m3 to ~86% folded 31 . These β-hairpins, albeit small, resemble larger proteins in many essential aspects including cooperative folding transitions and microsecond folding timescales. The optimized generalized born with smooth switching (GBSW) atomistic implicit solvent force field appears to recapitulate both the structures and stabilities of these β-hairpins 32 . However, the previous T-RE simulations failed to generate converged conformational ensembles for GB1p 32 . In fact, no reversible folding/unfolding transition was sampled by T-RE for any of these β-hairpins, and the apparent convergence for GB1m1 and
GB1m3 ensembles was mainly due to mixing of conformational states sampled at different temperatures.
A sequence-flavored Gō-like model was first generated by the MMTSB Gō-Model Builder 27 and then used in simulations of all three hairpins. The model represents each residue using a single Cα bead and adopts the Miyazawa-Jernigan (MJ) statistical potential 33 for residue-specific native interactions. The Gō-like model was coupled to the GBSW atomistic implicit solvent model (Fig.   1a) , by imposing the restraint potentials on all nine native contacts (see Eqns. 3-4). All MSES simulations were performed using 8 replicas with { } = {0, 270}, {0.05, 290}, {0.1, 312}, {0.25, 336}, {0.4, 361}, {0.6, 388}, {0.8, 418}, and {1.0, 450}. These conditions were assigned by having roughly exponential distributions for both λ and T. The exchange acceptance rates were uniform and ~25% for all MSES simulations. Other parameters of the MSES restraint potential were: k = 1.0 kcal/mol/Å 2 , s = 1, = 2.0 Å and = 0.1 kcal/mol/Å. We note that the soft asymptote has minimal impacts on the exchange and sampling efficiencies for these small hairpins.
Langevin simulations were performed with a friction coefficient of 0.1 ps -1 , and exchanges were attempted every 2 ps. For each peptide, two independent simulations were performed, starting from the folded (control) and fully extended (folding) structures, respectively. The length of all MSES simulations was 100 ns per replica. Control and folding T-RE simulations were also performed for GB1p as a reference. These simulations are summarized in Table 1 .
We first validate if MSES can indeed recover the correct canonical ensembles at the uncoupled condition. Reliable reference atomistic ensembles are not available for these hairpins due to apparent difficulty in achieving convergence using T-RE simulations 32 . Therefore, we compare the CG ensembles derived from MSES simulations to a reference ensemble obtained from a 4-μs T-RE simulation of the Gō-like model alone. Over 1300 reversible folding transitions were sampled in the T-RE simulation and the resulting reference CG ensemble at 270 K is fully converged. As illustrated in Fig 1b, MSES simulations generated CG ensembles virtually identical to the reference.
That is, bias due to coupling between atomistic and CG models is completely removed via
Hamiltonian RE as expected. The co-evolution of the CG and atomistic copies during MSES simulations is illustrated in Fig. S1 . As designed, the CG and atomistic conformations can diverge at low temperature/weak coupling conditions, but strongly track one and another at high temperature/strong coupling conditions.
The efficacy of MSES in accelerating large-scale atomistic conformational transitions is first evaluated by calculating the number of reversible transitions between the folded (≥5 native hydrogen bonds) and unfolded (no hydrogen bond) states at the atomistic level. Summarized in Table 1 , the results show that T-RE simulations rarely sampled reversible folding transitions, with only one such event observed in the control and folding runs of GB1p. In contrast, many reversible transitions (~31 on average) were sampled in MSES simulations of all β-hairpins, reflecting almost two orders of magnitude enhancement in the efficiency of sampling atomistic transitions. Fig. 2 depicts the evolution of the number of native hydrogen bonds from representative T-RE and MSES replicas. The T-RE replicas remain at either the folded or unfolded states throughout the simulation (Fig. 2a) ; whereas all MSES replicas undergo rapid reversible transitions between the folded and unfolded states (Fig. 2b) , apparently driven by coupling to the efficient Gō-like model. To further evaluate the effects of MSES coupling on folding kinetics and efficiency, we performed multiple sets of folding simulations of GB1p at 270 K using the GBSW, Gō-like, and hybrid potentials (Eqn.
1). 100 50-ns simulations were initiated from unfolded atomistic and CG structures randomly selected from pre-generated equilibrium ensembles (see Table S1 and Ideally, a fully converged RE simulation should involve all replicas sampling the same entire accessible conformational space. This limit is almost never achieved in atomistic T-RE simulations of nontrivial peptides and proteins, where individual replicas generally sample separate major conformational states throughout the simulations (e.g., see Fig. 3a-c) . Amazingly, MSES simulations of all three β-hairpins display many characteristics of full convergence, with all replicas sampling similar, complete atomistic conformational spaces (Fig.3e-g and Fig. S3 ). When combining information from all replicas, T-RE and MSES simulations appear to cover similar conformational spaces ( Fig. 3d and 3h) , even though T-RE under samples most regions except the major free energy basins. Atomistic conformational ensembles derived from independent control and folding runs were compared to further evaluate the ability of MSES to achieve convergence in key thermodynamic properties. Fig. 4 compares the probability distributions of the number of native hydrogen bonds. The results show that MSES does generate largely consistent ensembles from the control and folding runs. Especially for GB1p, large discrepancies that persist between control and folding T-RE runs (Fig. 4a ) are greatly reduced (Fig. 4b) . We also note that, although the same Gō-like model was used for all three β-hairpins, the MSES simulations were able to recapitulate varied stabilities of these sequences in the GBSW implicit solvent as expected. Nonetheless, despite impressive conformational space coverage by all replicas in MSES simulations (Fig.3e-g and Fig.   S3 ), substantial differences persist in ensembles derived from control and folding MSES runs, except for GB1m3 with a more rigid proline-containing loop. This illustrates the formidable challenges in generating converged equilibrium ensembles even for small but flexible peptides.
In conclusion, we have developed an effective MSES approach that utilizes efficient topology-based CG models to accelerate the sampling of complex and rough atomistic energy landscapes. The CG and atomistic model are coupled using native contact-based restraint potentials that are motivated by the current understanding of protein folding mechanisms as well as lessons from NMR structure calculations and allow excellent scalability to larger and more complex systems. and GB1m3 (d). These distributions were calculated from structure ensembles extracted from the last 80 ns of T-RE or MSES simulations at T = 270K (and λ = 0) (see Table 1 for detailed simulation setups).
